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Introduction

33
Rice is a major staple food world-wide. In recent years, consumer preferences have shifted 34
towards better-quality rice, particularly towards varieties with good eating quality. Each 35 country, and often region, prefers rice with a particular suite of quality traits (Calingacion et 36 al., 2014) . The textural attributes of cooked milled rice are of prime importance to its eating 37 quality. Texture is a multi-parameter sensory property, with hardness and stickiness as the 38 most commonly determined parameters for cooked rice (Patindol, Gu & Wang, 2010) . In 39 addition to sensory evaluation by human panels, textural properties of cooked rice are most 40 commonly measured by instruments such as a textural analyser (Cameron & Wang, 2005 ; 41
Champagne et al., 1998). 42
Cooked rice texture is affected by a wide range of factors, such as the amylose content 43 an important role in rice texture (Cameron et al., 2005 ; Ramesh, Zakiuddin Ali & 46 Bhattacharya, 1999) . Starch is a branched glucose polymer comprising two types of 47 molecules: amylopectin (Ap) and amylose (Am). Ap molecules are highly branched with a 48 vast number of short branches and relatively large molecular weights, ~10 [7] [8] , whereas Am 49 has a smaller molecular weight (~10 [5] [6] ) with a few long branches (Gilbert, Witt & Hasjim, 50 2013). The amylose content has been considered to be the most important determinant of the 51 eating quality of rice since the mid-1980s (Bhattacharya & Juliano, 1985) . In the mid-1990s, 52
it was proposed that the texture of cooked rice is also related to the fine structure of 53 amylopectin (Ramesh et al., 1999) . Ong and Blanshard (1995) determined the amylose 54 content and the amylopectin fine structure of 11 cultivars of non-waxy rices, and confirmed 55 that the texture of cooked rice was critically controlled by the proportion of the longest and 56 shortest amylopectin chains but not the intermediate ones. Ramesh et al. (1999) 
Starch debranching and measuring the CLD of debranched starch using SEC 142
The extracted starch (~4 mg) was dissolved in 0.9 mL of deionized water and then mixed 143 with 2.5 µL isoamylase (1000 U/mL), 0.1 mL acetate buffer solution (0.1 M, pH 3.5), and 5 144 µL sodium azide solution (0.04 g mL -1 ). The mixture was incubated at 37 °C for 3 h. The 145 debranched starch suspension was then heated in a water bath at 80 °C for 2 h after being 146 neutralized with 0.1 M NaOH solution, and then freeze-dried overnight. The dried 147 debranched starch was dissolved in DMSO/LiBr solution for SEC analysis. 148
To obtain SEC distributions of debranched starch, GRAM 100 and GRAM 1000 columns 149 (PSS) were used, with the same pullulan standards and procedure used to calibrate the SEC 150 for whole branched molecules. The SEC weight distribution, w(logX), obtained from the DRI 151 signal was plotted against DP X, with X being determined using the Mark 
The degree of branching (DB) is obtained from the CLD using the relation DB = 1/(number 160 average of N de (X)). 161
Fitting amylopectin number CLD with a biosynthesis model 162
The number distribution was fitted using the Wu-Gilbert model (Wu & Gilbert, 2010; Wu,model, the number distribution is assumed to be controlled solely by the action of three types 165 of starch biosynthesis enzyme: starch synthase (SS), starch branching enzyme (SBE), and 166 starch debranching enzyme (DBE). The kinetic equations of the rates of action of each 167 enzyme determine the number distribution of branches, that is, N de (X), giving the relative 168 number of chains of the debranched starched comprising X monomer units. There are several 169 different sets of the three types of enzymes, denoted "enzyme sets": for example, there are 170 four isoforms of branching enzyme, SBEI, SBEII, SBEIIa and SBEIIb, and a particular 171 enzyme set contains only one of these four (plus one each of the various types of starch 172 synthase and debranching enzymes). The overall N de (X) is the sum of the contributions of 173 each enzyme set. By fitting the number CLD of amylopectin with this model, a series of 174 parameters can be obtained characterizing the enzymatic processes of the amylopectin 175 biosynthesis. In addition, SBE can only form branches with lengths longer than a certain 176 minimum DP, X min , and the length of moiety retained after branching must be more than a 177 certain minimum DP, X 0 . The activity ratios of SBE/SS and DBE/SS are denoted β and γ, 178 respectively. From the mathematical development, for given values of X 0 and X min , each value 179 of γ is associated with a value of β, so that γ is eliminated from the fitting (Wu et al., 2010) . 180
For SEC CLD data (where some features of the fine structure are masked by band 181 broadening), the CLD of amylopectin branches with DP ≤ 100 can be fitted by three enzyme 182 sets, denoted enzyme sets 1, 2 and 3, and the relative contributions of enzyme set 2 and 3 to 183 enzyme set 1 are termed h 2/1 and h 3/1 , respectively (Witt, Doutch, Gilbert & Gilbert, 2012 Rice (100 g, 14% moisture content) was rinsed with distilled water three times. Distilled 196 water was then added to the rice to give a rice-to-water weight ratio of 1:1.6. The cooking 197 process was conducted using the pre-set cooking setting of a rice cooker (Kambrook Rice 198
Express, VIC, Australia), followed by a 10 min holding period at the warming setting. The 199 top 1 cm layer of cooked rice and rice adhering to the sides of rice cooker were not used. 200
Cooked rice for sampling was taken directly from the middle of each cooker, transferred to a 201 pre-warmed (120 °C) glass bowl, and mixed thoroughly while minimizing kernel breakage. 202
The cooked rice was then cooled to room temperature (~25 °C) for textural measurements. For each cooking replicate, texture measurements were conducted six times. Parameters 210 recorded from the test curves were hardness (force at the peak of the first curve) and 211 stickiness (area of the negative force curve). 212
Statistical analysis 213
For each structural measurement, duplicated analyses were performed for each sample. All 214 data were reported as mean ± standard deviation (SD) using analysis of variance (ANOVA) 215 with Tukey's pairwise comparisons. Significant differences of the mean values were 216 determined at p < 0.05. The textural measurements were analyzed in duplicate for each 217 sample. One-way analysis of variance (ANOVA) and Pearson as well as Spearman rank 218 correlation methods were carried out using SPSS V. 16.0 software (SPSS Inc., Chicago, IL). 219
The means of duplicated measurements were used for the correlation analysis. 220 3. Results and discussion 221
Rice composition 222
Rice compositions are presented in Table 1 . The total starch content ranges from 78% to 86%, 223 the protein content from 6.5% to 9.4%, and total lipid content is between 0.2% and 0.9%. 224
Between these different rice samples, there are some significant differences in the total starch, 225 protein, and lipid content. The starch, protein, and lipid content of rice samples in this study 226 are within the ranges previously reported for rice. 227
Starch molecular structure 228
Typical SEC weight distributions, w br (logR h ), of whole branched starch from all rice grain 229 samples are shown in Fig. 1 , normalized to the peak maximum of Ap; the fully branched 230 distribution of all rice samples display two populations of α-glucans: Am (R h up to ~100 nm) 231
and Ap (R h between 100 and 4000 nm) (Fig. 1) . There is another small peak/shoulder peak at 232 As presented in Table 2 , there are statistically significant differences in both the R h at the Am 240 peak maximum and ܴ ୦ തതതത of Am among different rice varieties, whereas there is little 241 significant difference in the R h at the Ap peak maximum between samples. As shown in Fig.  242 1, Hom Mali Niaow (HMN) is a waxy rice with the lowest amylose content, and thus has the 243 lowest AUC in the amylose region (even lower than that of the residual protein); however 244 this starch, while its amylose content is very small, has the largest molecular size in the R h at 245 the Am peak maximum and ܴ ୦ തതതത of Am ( Table 2 peaks between different rice varieties. These differences are probably due to differences in 271 potentially discrete enzymatic processes in plant starch biosynthesis. 272
To compare the fine structure of the various starches, in addition to fitting with the Wu-273
Gilbert model (which only is applicable to Ap), a set of empirical parameters was used as 274 defined previously (Syahariza et al., 2013). These are the DP at the maximum of each peak, 275 donated X Ap1 , X Ap2 , and X Am , and the height ratio of each maximum relative to that of Ap1, 276 Table 2 , all rice varieties 293 containing amylose can be divided into 3 categories which agree with the Wx haplotype, 294 defined by functional SNPs at exons 1 and 6 of the Wx: low-amylose rice which all contain T 295 at exon 1 (TJ, PRD, SMG, LG, GW, KG, V8, and KM amylose content~0-19%); one variety, 296 BM, with haplotype G-C of the Wx gene with intermediate amylose (amylose content~20-297 25%); and high amylose rice, with Wx haplotype G-A (SLG, and SN, amylose content >25%). 298
There are significant structural differences between these 3 categories of rice. Compared to 299 X Ap1 and X Ap2 , X Am , which measures the DP at the peak maximum, varies much more 300 significantly ( The amylopectin number CLDs (Fig. 2B) (β (i) , β (ii) and β (iii) ), each representing the relative activity of SBE to SS within each enzyme 317 set, and another set of parameters h 2/1 and h 3/1 reflecting the relative contributions of enzyme 318 sets 2 and 3 to that of enzyme set 1 were obtained. As shown in the "model fitting" section of 319 Table 2 , the β (i) values of rice starches between different rice varieties were not significantly 320 different, while β (ii) , β (iii) , h 2/1 , and h 3/1 differed significantly. This indicated that the effects of 321 enzyme sets 2 and 3 on the number CLDs are more significant than those of enzyme set 1, 322
suggesting that the differences in the proportion of longer amylopectin branches between all 323 starch samples, as observed from the SEC weight CLDs (Fig. 2A) , are mainly due to the 324 differences in the reaction rates of enzyme sets 2 and 3. As indicated from Table 2 In this study, all rice varieties are cooked in the same rice/water ratio to avoid the effect of 342 water content on the textural properties of cooked rice, as it has been shown that greater 343 amounts of water will decrease the rice's hardness (Bett-Garber, Champagne, Ingram & 344 Fig. 3A and 3B, cooked rice grains from different rice 345 varieties exhibit significant differences in their hardness and stickiness. It is noteworthy that, 346 for these rice varieties, hardness is negatively correlated with stickiness (Fig. 3C) 
McClung, 2007). As shown in
Structure -texture relations 353
The coefficients from Pearson's and Spearman's rank correlation tests between the textural 354 properties (hardness and stickiness) and the starch structural parameters of all samples are 355 summarized in GW, KG, V8, and KM)) are also presented in Table 3 to demonstrate statistically significant 359 differences in the correlations when a narrow range of Am contents was used. 360
The influence of starch fine structural features on the texture of cooked rice was also 361 investigated. This is the first such examination of these effects, especially in regards to the 362 fine structure of amylose. Among these starch structural parameters, eleven independent 363 structural variables were used to describe the fine molecular structure of whole and 364 debranched starch. These were: R h at the Am peak maximum; the ܴ ୦ തതതത of the Am component; 365 the height ratio of amylose to amylopectin peak, h Am/Ap , in the SEC weight distributions of 366 whole starch; three branch-chain lengths (X Ap1 , X Ap2 , and X Am ); two height ratios (h Ap2/Ap1 and 367 h Am/Ap1 ) of the peak maxima of debranched starch; and the proportions of chains in the three 368 subdivided sections of the CLDs (100≤X<1000, 1000≤X<2000, and 2000≤X<20000). Five 369 model fitting parameters were used to describe the structure of amylopectin branches from 370 the insights of starch biosynthesis: three enzymatic activity ratios of SBE/SS (β (i) , β (ii) and 371 β (iii) ), and two relative contributions of enzyme sets 2 and 3 to enzyme set 1 (h 2/1 and h 3/1 ); 372 details of the fitting are given in Figure S1 of the Supplementary Data. 373
Among these structural parameters, h Am/Ap1 , 100≤X<1000, 1000≤X<2000, 2000≤X<20000 374 and h Am/Ap are all directly related to the amylose content. For the correlation of all rice 375 samples, all of these parameters, along with the amylose content, show similar and significant 376 positive correlations with hardness and negative correlations with stickiness. This is 377 consistent with past conclusions that found that the amylose content is the most important 378 determinant of rice textural quality (Juliano et al., 1972). Additionally, both Pearson and 379
Spearman correlation tests show that the parameters of 100≤X<1000 and 1000≤X<2000 have 380 higher correlation coefficients, especially for 1000≤X<2000. This indicates that rices with 381 higher amylose contents, especially higher proportions of Am branches ranging from 1000 to 382 2000 DP, yield harder texture after cooking. Correspondingly, the parameters β (i) , β (ii) , β (iii) , 383 h 2/1 , and h 3/1 represent the content of amylopectin chains. Both β (ii) and β (iii) significantly and 384 positively correlated with stickiness while h 3/1 showed strong and negative correlation with 385 stickiness, indicating that rices with more Ap short chains and less Ap trans-lamella chains 386 tend to be more sticky. As expected, h 3/1 , reflecting the proportion of long trans-lamella 387
chains with DP 70≤X<100, shows a significant and positive correlation with hardness, which 388 is also consistent with other reports (Ong & Blanshard, 1995) . On the other hand, R h at the 389 Am peak maximum and ܴ ୦
തതതത of the amylose region are both parameters reflecting the 390 molecular sizes of whole amylose molecules. As summarized in Table 3 , the amylose 391 molecular size is significantly and negatively correlated with hardness and positively 392 correlated with stickiness. Because the amylose content correlates so strongly with the texture 393 and structure of cooked rice, many of the observed correlations may simply be due to 394 amylose content. Therefore in order to find correlations that are independent of the amylose 395 content, 7 varieties with similar amylose contents were selected from all of the varieties and 396 statistically re-analyzed using Pearson and Spearman correlation tests. 397
For rice samples with similar amylose contents, as expected there was no significant 398 correlation between the texture of the cooked rice and the amylose content (Table 3) . 399
However, the whole amylose molecular size parameters (R h at Am peak maximum and Am 400 ܴ ୦ തതതത ) and the proportions of amylose branches ranging between 1000 and 2000 DP still 401 correlated significantly with hardness (Table 3) . This indicates that, independent of the 402 amylose content, rice varieties with higher proportions of amylose branches ranging from 403 1000 to 2000 and with smaller whole amylose molecules are harder. Furthermore, although 404 the stickiness of these rice samples with similar amylose content was significantly different 405 (Fig. 3B) , there was no significant correlation between stickiness and any of the structural 406 parameters ( Table 3) . These new understandings of the fine structure of amylose content 407 pave the way for a much deeper understanding of the important properties of rice, such as gel 408 consistency, they offer new and significant phenotypes for understanding the eating quality of 409 rice, and they could enable scientists to unravel the genetic and biochemical pathways that 410 lead to high quality rice. 411 SEC weight distributions of whole starch, w br (log R h ), extracted from all rice grain samples, and normalized to the amylopectin peak. 
Conclusions
